The enzymic reactions of ectothermic (cold-blooded) species differ from those of avian and mammalian species in terms of the magnitudes of the three thermodynamic activation parameters, the free energy of activation (AG*), the enthalpy of activation (AH*), and the entropy of activation (AS*). Ectothermic enzymes are more efficient than the homologous enzymes of birds and mammals in reducing the AG* "energy barrier" to a chemical reaction. Moreover, the relative importance of the enthalpic and entropic contributions to AG* differs between these two broad classes of organisms. In studies of enzymic adaptation to temperature two aspects of enzyme function have been of particular interest. First, since temperature is known to affect the higher orders of protein structure and the interactions of proteins with low molecular weight ligands, several recent studies have focused on the effects of temperature on the formation of enzymesubstrate complexes (1-3). Indeed, this step in the catalytic process is generally very temperature-sensitive, and enzymes of ectothermic species often display optimal substratebinding properties at temperatures that approximate the normal habitat temperatures of the species (1-3).
Because all organisms conduct many of the same chemical transformations, certain functional classes of enzymes are present in virtually all species. It is, therefore, axiomatic that interspecific (homologous) variants of a particular type of enzyme must conduct their catalytic and regulatory functions at widely different temperatures. Since temperature is known to have profound effects on the activities and structures of enzymes, it is logical to ask whether a particular enzyme variant is especially well-adapted for function under the thermal regime it normally experiences. For example, are enzymes of ectothermic species, such as fishes, more effective catalysts at low temperatures than the homologous enzymes of warm-blooded birds and mammals?
In studies of enzymic adaptation to temperature two aspects of enzyme function have been of particular interest. First, since temperature is known to affect the higher orders of protein structure and the interactions of proteins with low molecular weight ligands, several recent studies have focused on the effects of temperature on the formation of enzymesubstrate complexes (1) (2) (3) . Indeed, this step in the catalytic process is generally very temperature-sensitive, and enzymes of ectothermic species often display optimal substratebinding properties at temperatures that approximate the normal habitat temperatures of the species (1-3).
The next event in the catalytic process is the conversion of the enzyme-substrate complex into an "activated complex," a high-energy complex that can decay into product(s) and free enzyme. To generate the active complex, free energy-the free energy of activation (A(G*)-must be added to the enzyme-substrate complex. The magnitude of AG* is, in effect, the "energy barrier" to the reaction, and by significantly reducing the Thermodynamic functions were calculated according to the following relationships (4): AG* = AH* -T AS* AH* = Ea -RT, AS* = 4.576 (log K -10.753 -log T + Ea/4.576 T), and K (in sec-) = Vm,,./mg of Enzyme X molecular weight X 10-' mmol/pmol X 1 min/60 sec, where the molecular weight of the enzyme is expressed in mg/mmol. Activation energy (Ea) was calculated from the Arrhenius equation by the method of least squares. All Arrhenius plots were linear over the range of temperature used.
RESULTS
Thermodynamic activation parameters for several lactate dehydrogenase reactions are listed in thermic reactions by about 14,200 joules/mol (3400 cal/mol). We feel that these differing contributions of enthalpic and entropic energies to AG* may reflect important adaptations to the different thermal environments in which these two classes of enzymes function. As seen from an evolutionary perspective, we hypothesize that several factors may have conferred selective advantage on the relative energetic dependencies of ectothermic and avian-mammalian enzymes. First, as has been suggested by numerous workers in the past (2), low enthalpies of activation render chemical reactions relatively temperature-independent. Thus, in ectotherms, which often experience 10-20' changes in body temperature diurnally and/or seasonally, rates of metabolism may be held relatively stable in the face of temperature changes if the enthalpies of activation of metabolic reactions are low.
While this argument may provide a partial explanation for the low AH* values characteristic of ectothermic reactions, it cannot explain the evolutionary acquisition of a larger dependence on AH* in avian and mammalian systems. Although the gaining of the homeothermic condition no doubt reduced, or even eliminated, the advantages of low AH* values for purposes of rate-stabilization in the face of changing body temperature, we feel that there are other bases for the differing reliances on enthalpic and entropic activation energies between ectotherms and birds or mammals.
During the evolution of homeothermy, body temperatures became higher, as well as more stable. In contemporary birds and mammals, the temperature of the cell is near 400, i.e., the heat content (enthalpy) and the entropy of the environment in which enzymes function are higher than in the case of ectothermic organisms. We propose that this change in enthalpy and entropy of the local environment of the enzymes had two selective influences on enzymic function. First, the higher entropy of the avian and mammalian cellular components relative to ectotherms may make it more difficult to form the enzyme-substrate activated complex from an entropy standpoint. Conversely, the higher heat content of the homeothermic cell should make enthalpic activation more likely. If we assume that AG* values for a particular enzymic reaction are relatively fixed, as the data of Table 1 suggest, then avian and mammalian enzymes may have altered their enthalpic versus entropic contributions in order to render their catalytic function more consistent with the energy characteristics of their cellular environment.
In ectothermic organisms, metabolism often occurs at temperatures below 10°. Thus, relative to birds and mammals, the cellular constituents of ectotherms are low in heat content and entropy; in forming the activated complex, it may be relatively simple for ectothermic enzymes to keep entropy increases to a minimum (e.g., glycogen phosphorylase-b) or, in fact, to substantially reduce the entropy of the enzymesubstrate complex (e.g., glyceraldehyde-3-phosphate dehydrogenase and lactate dehydrogenase). By so exploiting the entropy characteristics of its cellular environment, the ectotherm appears to minimize the difficulties that might stem from the relatively low amounts of enthalpy present to activate the enzyme-substrate complex.
The structural basis of AS* and AHt differences In this paper, we will only speculate briefly about the structural basis of the differences in the AS* and AHP values between ectothermic and avian-mammalian enzymes. Recent studies have shown that the substrate-binding sites of phylogenetically different variants of a particular enzyme are highly similar (8) (9) (10) (11) (12) . Furthermore, reaction mechanisms for the conversion of substrate to product(s) appear to be the same for different variants of a particular enzyme (13) . Therefore, it appears likely that the entropy and enthalpy differences during the activation event cannot be accounted for at the active site of the enzyme.
We also suggest that the basis for the lower AS* characteristics of ectothermic enzymes is not the result of proteinsolvent interactions. Any decrease in activation entropy due to the structuring of water molecules around exposed hydrophobic aminoacid residues during catalysis would lower AS' values only at low temperatures (14) . The entropy of activation values for enzymes listed in Table 1 , however, do not change appreciably with temperature.
Thus, the most probable basis for the differing AS* and AH* values among variants of the same enzyme lies in the internal structure of the protein. Conformational changes during catalysis apparently generate a more rigid or ordered structure in the interior of ectothermic enzymes than in homologous enzymes from birds or mammals.
As we shall discuss in a forthcoming publication, slight differences in aminoacid composition can account for the observed thermodynamic differences among homologues of a given enzyme.
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